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PRODUCTION AND CHARACTERIZATION OF TITANIUM NITRIDE ON 
CP TITANIUM 
SUMMARY 
Titanium is one of the lightest and most abundant metal in earth. Its strength, 
corrosion and erosion resistances, biocompatible properties, elevated temperature 
capacity and creep resistance are very attractive for many industrial applications. Its 
high cost is one of the disadvantages of Titanium, but in long time period, the other 
properties become more important. However, the tribological properties of Titanium 
are very poor. Hence, Titanium and its alloy are used very limited in the mechanical 
applicatons requiring high wear resistance and hardness. 
There are some surface modification techniques to improve the surface properties of 
Titanium. These techniques can be classified as three group: coatings, heat 
treatments and thermochemical methods. Thermochemical methods change the 
surface chemistry and structure. The other two, do not cause an effect like this. 
Gas Nitriding, the topic of this work, is one of the thernmochemical methods. During 
gas nitriding, titanium is exposed the flow of the 99,9% purity nitrogen gas at 
elevated temperature and nitrogen diffuses into the titanium. This diffusion process is 
interstitial and a new surface layer is formed. This layer is Titanium Nitride (TiN) 
and it is a very hard layer. In addition to this, there is a composed diffusion region, 
too, and this region and the consistent surface layer can provide a very high value of 
the hardness, because these layers are formed very thick in comporison to the other 
surface treatments. This is the main advantage of the Gas Nitriding for the 
enhancement of the tribological features of Titanium and its alloys. However, gas 
nitriding can cause a rougher surface and porous structure at elevated temperature. 
The results can be barely controlled according to the process parameters. 
In this study, Commercial Purity Grade 4 Titanium was used. This material has not 
been used as frequently as the other commercial purity grades Titanium. However, 
the studies with this material have been continued for a time. In this study, the 
material was exposed four different nitriding time and two different process 
temperatures. The used nitrogen gas was %99, 9 pure. 
Strucutal and characterization tests were applied to the nitrided and unnitrided 
specimens. Qualitative X-Ray Diffraction (XRD) analyses, Scanning Electorn 
Microscope (SEM) and Optical Microscope studies, multi-cycled and cross-sectional 
micro hardness tests and wear tests were performed. 
These experimantel tests were performed according to the effects of the nitriding 
time and temperature. As the results of the XRD analysis, after nitriding at 1250
o
C 
for all process time periods, TiN peaks can be obtained. However, after nitriding at 
1250
o
C for 3 and 5 h, TiN peaks can not be obtain, but while dominantly TiO2 peaks 
can be obtained. 
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As the results of the SEM and Optical Microscope investigations, the increasing  
nitriding temperature and time can cause thicker layer formation and higher hardness 
value, but at the same time, more porous, inhomogenous and non-uniform and less 
adhesive layers can be obtained. 
According to the weight change measurements, during nitriding at 1250
o
C, the 
increasing nitriding time cause more weight. 
The micro hardness tests as cross-sectional hardness tests and multi-cycled  hardness 
tests as surface hardness tests show that, with the increasing nitriding time and 
temperature, higher hardness values and hardness depths can be obtained. 
Finally, the wear tests were applied to the nitrided and unnitrided specimens by 
reciprocating tribotester device. Then the wear tracks were scanned with 
Profilometer and the wear track profiles were obtained. And then SEM images of 
wear tracks were examined. According to these results, the unnitrided sample had 
been exposed to a massive adhesive wear by the Al2O3 ball. The samples nitrided at 
950
o
C for 3, 5, and 7 h have micro abrasion and cracks.With increasing temperature, 
the wear behavior had been enhanced, but process time of 12 h, wear behaviour 
became poorer and a deeper and wider wear track was obtained because of the 
embrittlement of the surface layer. As a general result of the samples nitrided at 
950
o
C, nitride layers exfoliated and the wear continued in the diffusion zone. For the 
samples nitrided at 1250
o
C, the wear occured in the nitride layer only. Moreover, the 
depth and width of the wear track decreases with increasing time. The thin wear 
tracks could not be seen. The wear behavior had been enhanced with increasing 
process time. 
In summary with gas nitriding, the surface hardness values and the wear resistance 
values had been increased and the higher coefficient of friction values had been 
decreased. 
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CP TİTANYUM YÜZEYİNDE TİTANYUM NİTRÜR OLUŞUMU VE 
KARAKTERİZASYONU 
ÖZET 
Hafif  ve mukavemeti yüksek bir metal olan Titanyum, korozyon direncinin yüksek 
olması, biyouyumluluğu, yüksek sıcaklık kapasitesinin ve sürünme dayanımının 
yüksek olması gibi özellikleri nedeniyle, hafiflik-mukavemet oranının yüksek olması 
istenen uçak-uzay, mimarlık uygulamalarında, spor araç gereçlerinde ve taşımacılık 
sektöründe, biyouyumluluğun gerektiği biyomühendislik alanında, korozyon 
dayanımının istendiği deniz teknolojilerinde ve kimyasal uygulamalarda ve sürünme 
direnci yüksek malzemelerin kullanıldığı enerji üretim alanında kullanılmaktadır. 
Ancak Titanyum’un, bu avantajlarına karşın, yüzey özelliklerinin zayıf olması gibi 
bir dezavantajı da vardır ve bu durum da, Titanyum’un kullanımının, özellikle 
tribolojik uygulamalarda ve yüzey özelliklerinin iyi olmasının gerektiği durumlarda, 
azalmasına sebebiyet verir. Bununla birlikte, kullanılmakta ya da geliştirilmekte olan 
pek çok yüzey mühendisliği yöntemi ile, Titanyum’um yüzey özellikleri 
iyileştirilerek, bu tip uygulamalarda da kullanılması amaçlanmaktadır. 
Titanyum’un zayıf yüzey özellikleri kısaca, aşınmaya karşı düşük direnç, yüksek 
aşınma katsayısı ve düşük yüzey sertliği, olarak ifade edilebilir. Bu olumsuz 
özelliklerin iyileştirilmesi için Titanyum’a uygulanabilecek çeşitli yüzey işleme 
yöntemleri ise üç grupta toplanabilir: kaplama, ısıl işlem ve termokimyasal işlemler. 
Bu teze konu olan yüzey işleme yöntemi, üçüncü gruba dahil olan Gas Nitrürleme 
yöntemidir. 
Gaz Nitrürleme yöntemi, termokimyasal bir yöntemdir. İlgili metal, yüksek sıcaklığa 
çıkarıldıktan sonra saf azot ya da amonyum gazı ortamında belli bir süre boyunca ısıl 
işleme tabi tutulur. Bu süreçte yüzey atomlarının mobilitesi artar, Titanyum yüzeyi 
arayer difüzyonuna daha müsait hale gelir ve azotun arayer difüzyonu sonucunda 
Titanyum Nitrür yapısı oluşur. 
Titanyum, her sıcaklıkta, en sabit elementler haricinde tüm elementlerle reaksiyona 
girebilir, ancak en çok Oksijene karşı kimyasal ilgisi yüksektir. Bu nedenle Gaz 
Nitrürleme işlemi, ısıl işlem yapılacak fırın vakuma alındıktan ve içeriye %99,9 
saflıkta azot gazı verildikten sonra gerçekleşebilir. Aksi hâlde, yapıda baskın olan 
yapı, Titanyum Oksit yapısı olacaktır. 
Gaz Nitrürleme, yıllardır uygulanan bir termokimyasal yöntemdir. Basit ve 
ekonomik bir yöntem olmasının yanısıra, diğer pek çok Nitrürleme yöntemine göre, 
elde edilen sertlik değerleri bakımından daha başarılıdır. 
Bu çalışmada da görülebileceği üzere, pek çok farklı Nitrürleme yöntemi 
bulunmaktadır. Titanyum’a en çok uygulanan yöntemler ise, gaz nitrürleme ile 
birlikte, lazer nitrürleme, plazma nitrürleme ve iyon ışını nitrürlemesi’dir. Diğer 
yöntemlere nazaran, gaz nitrürleme daha az özel ekipman gerektiren ve karmaşık 
olmayan bir yöntemdir. Ayrıca, bu yöntem, Titanyum numunelerinde oluşturduğu 
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difüzyon tabakaları ve bu tabakaların kalınlığına bağlı olarak, çok daha yüksek 
sertlik değerleri vermektedir. Bununla birlikte, yüksek sıcaklıklarda yüzey 
pürüzlülüğünün artmasına neden olabilmektedir. Ayrıca, yüzeyde oluşan yeni 
Titanyum Nitrür bileşik tabakasının kalınlığı, sıcaklık ya da süre gibi işlem 
parametreler nedeni ile işlem öncesinde hedeflenen aralıklarda ayarlanamayabilir. 
Bu çalışmada, Grade 4 kalite Ticari Saflıktaki Titanyum kullanılmıştır. Bu malzeme, 
bu tez çalışmasında, iki farklı sabit işlem sıcaklığında ve her sıcaklıkta dört farklı 
işlem süresi boyunca, ısıl işlem fırınında, %99,9 saflıktaki azot ortamı altında 
nitrürlenmişlerdir. 
İşlem öncesinde, numunelere bir takım karakterizasyon testleri yapılmıştır. Elde 
edilen sonuçlarla, işlem sonrasında yapılan karakterizasyon testlerinin sonuçları 
karşılaştırılarak verilmiştir. İşlem öncesinde numuneler üzerinde gerçekleştirilen 
karakterizasyon testleri X ışını difraktometresi (XRD) ile yapılan analizler ve 
numune ağırlık ölçümleridir. 
İşlem sonrasında yapılan karakterizasyon testleri kapsamında, nitrürlenmiş numune 
yüzeylerinde, ince film modunda XRD analizleri yapılmıştır. Daha sonra, 
nitrürlenmiş yüzeyden 1, 3, 5 ve 10 N’luk farklı yükler kullanılarak sertlik değerleri 
alınıp sertlik ölçümleri yapılmıştır. Numuneler hassas kesme cihazında kesilip ve 
bakalite alındıktan sonra, kesit alanından tek bir yük kullanılarak kesitten sertlik 
ölçülmüştür. Daha sonra, Taramalı Elektron Mikroskobu (SEM) ve Optik Mikroskop 
kullanılarak, kesit alanları incelenmiş, oluşan tabakaların morfolojisi ve yapısı 
gözlenmiş ve oluşan tabaka kalınlıkları ölçülmüştür. Tribotester cihazında 2 mm 
uzunluğunda aşınma izleri elde edilecek şekilde yapılan 100000 çevrimlik (yaklaşık 
olarak 5,5 saatlik) kuru ortam aşınma testleri yapılmıştır. Aşınma testlerinde ortam 
sıcaklığı yaklaşık 20-30oC aralığında ve %30-40 nemli hava ortamında 
gerçekleştirilmiştir. Aşınma testinden sonra, numune yüzeyinde oluşan aşınma 
izlerinin Dektak Veeco profilometre ile derinlik ve iz genişlikleri ölçülmüştür. Bu 
ölçümün yanı sıra, Taramalı Elektron Mikroskobu vasıtasıyla aşınma izlerinin 
görüntüleri alınmış ve bu görüntüler incelenerek aşınma mekaniği anlaşılmaya 
çalışılmıştır. 
İşlem öncesinde X ışını difraktrometresi ile elde edilen X- ışını kırınım desenleri, 
işlem sonrasında elde edilen Titanyum Nitrür yapısının X ışını kırınım desenleri ile 
karşılaştırılmıştır. Bu karşılaştırmaya göre, 1250oC’de 3, 5, 7, 12 saat boyunca işlem 
gören numunelerde Titanyum Nitrür oluşumu gözlenmiş, X ışını kırınım desenlerinin 
ise, Ticari Saflıktaki Titanyum’a ait desenlere göre daha sağda kaldığı tespit 
edilmiştir. Bunun nedeni, Nitrojenin Gaz Nitrürleme esnasında Titanyum içindeki 
tetrahedral ve oktahedral boşluklara yerleşerek, arayer difüzyonunun 
gerçekleşmesidir. Bunun sonucunda, Titanyum’un kafes yapısı gerilmiştir ve bu da 
malzemede kalıntı gerilme meydana gelmesine ve yüzey sertliğinin artmasına sebep 
olmuştur. 
İşlem sonrasında gerçekleştirilen Taramalı Elektron Mikroskobu ve Optik Mikroskop 
incelemelerine göre, kesit alanından alınan görüntülerde, 1250oC sıcaklıkta yapılan 
gaz nitrürleme işlemi sonucunda elde edilen Titanyum Nitrür ve difüzyon 
tabakalarının mikroyapılarının, 950oC’de yapılan işleme göre daha porozlu olduğu ve 
altlığa tam olarak yapışmadığı görülmüştür. Buna mukabil, 950oC’de yapılan gaz 
nitrürleme işlemi sonucunda yüzeyde elde edilen Titanyum Nitrür tabakasının ve bu 
tabakanın altında oluşmuş olan difüzyon bölgesinin kalınlıklarının, 1250oC’de 
yapılan işleme göre daha az olduğu gözlenmiştir. Ayrıca, yapıda oluşan taneler, 
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950
oC’deki işlemlerde daha küçüktür ve mikroyapı da daha düzenlidir. Bunun 
yanısıra, oluşan yeni yüzey daha düzgün ve pürüzsüzdür. Bu noktada kısaca 
diyebiliriz ki: 950
oC’de yapılan nitrürleme işlemi ile yüzeyde daha yoğun, daha az 
porozitesi olan, altlık malzemeye daha iyi yapışan, ancak daha az kalınlığa sahip 
Titanyum Nitrür tabakası elde edilmektedir. Bu sıcaklıkta yapılan nitrürlemenin 
sonucunda elde edilen difüzyon tabakasının kalınlığı da 1250oC’de yapılan işlemlere 
göre daha azdır. 1250 oC’de yaplan gaz nitrürleme işlemi sonucunda ise, oluşan 
Titanyum Nitrür tabakasının ve difüzyon bölgesinin daha poroz, altlığa daha zor 
yapışan ancak daha kalın olduğu gözlenmiştir. Elde edilen yüzey daha pürüzlüdür, 
mikroyapı daha düzensizdir ve mikroyapıdaki taneler daha kabadır. 
Ağırlık değişimleri incelendiğinde ise, işlemden önceki durumuna göre, Ticari 
Saflıktaki Titanyum numunelerin ağırlıklarının arttığı belirlenmiştir. 1250oC’de 3, 5, 
7, 12 saat sürelerle gerçekleşen gaz nitrürleme işlemleri sonucunda elde edilen 
ağırlık değişimi grafikleri incelendiğinde, 3 saatlik işlem sonucunda gerçekleşen 
ağırlık değişiminin 5 saatte elde edilene göre daha az olduğu görülmüştür. Ancak bu 
iki sıcaklık arasında çok büyük bir fark gözlenmemiştir. 7 saatlik işlem sonucunda 
elde edilen ağırlık farkı ise 5 saatten fazladır, ancak 3 saatlik ile 5 saatlik işlem 
arasındaki farklılıktan daha az bir değişim gözlenmiştir. En şiddetli farklılık 7 saatlik 
işlem ile 12 saatlik işlemler arasında gözlenmiştir. 12 saatlik işlem sonucunda 
meydana gelen ağırlık değişimi ile 7 saatlik işlem sonucunda meydana gelen ağırlık 
değişimi arasında büyük bir fark bulunmaktadır. 
Tabaka kalınlıklarının değişimine bakıldığında ise, 1250oC’de oluşan Titanyum 
Nitrür tabakalarının ve difüzyon bölgelerinin kalınlıkları, 950oC’de oluşanlara göre 
çok daha fazladır. Burada, gaz nitrürleme işlem sıcaklığı arttıkça, oluşan yüzeyin ve 
difüzyon bölgesinin kalınlıklarının artmakta olduğu söylenebilir. Bununla birlikte, 
nitrürleme işlem süreleri de önemlidir. 1250oC’de yapılan işlemlerde, oluşan 
Titanyum Nitrür tabakası kalınlığının 3 ve 5 saatlik sürelerde hemen hemen aynı 
olduğu, 7 saatlik işlem sonucunda ise, ilk iki süreye göre biraz arttığı 
gözlemlenmiştir. Bununla birlikte, 12 saatlik işlem sonucunda elde edilen Titanyum 
Nitrür tabaka kalınlığı ise diğer sıcaklıklarda yapılan işlemlere göre çok daha 
fazladır. Bununla birlikte, difüzyon bölgelerinin kalınlıkları 3 saatten 5 saate büyük 
artış göstermekte, 5, 7 ve 12 saatlik işlemlerde ise artış devam etmekte, ancak 3 ve 5 
saatlik işlemlerde olduğu kadar şiddetli olmamaktadır. 950oC’de yapılan işlemlere 
bakıldığında ise, Titanyum Nitrür tabaka kalınlığı 3 saatten 5 saate şiddetli bir artış 
göstermekte, 5 saatten sonraki işlemlerde ise ılımlı bir artış görülmektedir. Difüzyon 
tabakalarının kalınlığı ise, en şiddetli olarak 5 saatten 7 saate değişim göstermektedir. 
3 ile 5 saat ve 7 ile 12 saat arasındaki difüzyon bölgesi kalınlık farkları daha azdır.  
Titanyum numunelere, gaz nitrürleme sonrasında mikro sertlik testleri de 
uygulanmıştır. Bu testler iki şekilde uygulanmışlardır: farklı yüklerle yüzeyden 
mikrosertlik ölçümü ve sabit yükle kesitten mikrosertlik ölçümü. Farklı yüklerle 
yüzeyden alınan mikrosertlik ölçümleri ile, yüzeyin değişik değerdeki yüklere ne 
şekilde dayanabileceği anlaşılmaya çalışılmıştır. Burada sertlik skalası Vickers 
olarak alınmış, Shimadzu mikro sertlik cihazı ile ölçümler alınmıştır. Her bir yük 
değeri için üç farklı ölçüm yapılmış, bu ölçümler sonucunda elde edilen sertlik 
değerlerinin ortalamaları ve standart sapmaları göz önüne alınarak değerlendirme 
yapılmıştır. Ölçüm sırasında 1, 3, 5 ve 10 N’luk yükler kullanılmıştır. Yapılan testler 
sonucunda, 950
oC’de, 1250oC’ye göre daha düşük sertlik değerleri alınmıştır. Tüm 
numuneler en yüksek 1 N, en düşük 10 N yük altında sertlik değeri vermişlerdir. 
Sıcaklığın yanı sıra, işlem süresi de sertlik değerinin değişiminde etkilidir. İşlem 
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süresi uzadıkça, sertliğin arttığı; kısa işlem sürelerinde ise daha düşük sertlik 
değerleri elde edildiği görülmüştür. 
Numunelere uygulanan diğer bir sertlik testi ise, kesitten yapılan sertlik testidir. 
İşlem sonrasında hassas kesme cihazı ile kesilen numuneler bakalite alındıktan sonra, 
0.5 N yük altında yapılan mikro sertlik testinde, malzemenin iç kısmından 
başlanarak, sırayla iç kısım-difüzyon bölgesi-yüzeyde oluşan Titanyum Nitrür 
tabakası olacak şekilde sertlik ölçümü alınmıştır. Burada da görülmüştür ki, sıcaklık 
ve işlem süresi arttıkça sertlik artmaktadır. Ayrıca, sıcaklık ve işlem süresi arttıkça 
artan tabaka kalınlığına paralel olarak, sertlik ve sertliğin derinliği de artmaktadır. Bu 
durum, artan sıcaklık ve zamanla, malzemenin iç kısımlarına doğru giderek 
sertleştiğini göstermektedir. 
Son olarak, nitrürlenmiş ve işlem görmemiş numunelere ileri geri hareket eden 
aşınma cihazı ile aşınma testi uygulanmıştır. Aşınma testinden sonra, aşınma 
izlerinin profilleri Profilometre ile çekilmiş ve görüntüleri SEM ile analiz edilmiştir. 
Bu sonuçlara göre, 950oC’de işlem gören numunelerde mikro abrazyon izlerine ve 
çatlaklara rastlanmış, 12 saatlik işlem süresine kadar ise aşınma davranışında 
iyileşme görülmüştür. Aşınma direnci artmış, aşınma izlerinin derinliği ve genişliği 
azalmaya başlamıştır. Ancak 12 saatlik işlem sonucunda, gevreklikten dolayı aşınma 
direnci tekrar düşmüş, aşınma izinin genişliği ve derinliği artmıştır. 1250oC’de işlem 
gören numunelerde ise, işlem süresi arttıkça iyileşen bir aşınma davranışı 
görülmüştür. Aşınma dirençleri süreyle birlikte artmış, aşınma izlerinin genişlik ve 
derinlikleri ise azalmıştır. 
Bu çalışmanın amacı, Titanyum ve alaşımlarının zayıf olan yüzey özelliklerini 
geliştirmektir. Bu amaca uygun olarak, gaz nitrürleme işlemi sonucunda, yüzey 
sertliği ve aşınma direnci artmış, aşınma katsayısı ise azalmıştır. 
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1.  INTRODUCTION 
Titanium is a metal, which is very light and versatile, was discovered in 1791. The 
commercial production of Titanium began in late 1940, and due to its superb 
features, its usage areas have increased since then rapidly [1]. With this increasing of 
the application areas of Titanium, the experimental studies about Titanium increases, 
too.  
Titanium and its alloys are used in aerospace industry, chemical applicatons, 
architectural areas, sports equipment industry, biomedical applications, power plant 
industries, transportation, marine and automobile industry [1, 2]. Nowadays, new 
studies to enhance the existed properties and to overcome the disadvantages are 
being carried out to discover the new applicatons areas for Titanium; hereby it is 
aimed to increase the usage areas of titanium. 
The properties such as high strength-low density ratio, corrosion and erosion 
resistances, and elevated temperature capacity are the most important advantages of 
titanium. On the other hand, the most unfavourable feature of the Titanium is the 
poor tribological properties such as wear resistance and surface hardness; hence, the 
usage of titanium is limited at the mechanical application. There are several surface 
technologies to surpasss these insufficient surface properties of Titanium [3]. 
The surface engineering methods can be categorized as three groups. In first group, 
there are some surface modification methods without chemical alteration. The second 
group includes coatings. And in third groups, there are some surface treatments 
changed the chemical situation of the surface to obtain a new structure. These 
techniques have naturally some advantages and disadvantages in comparison with 
each other. And Gas Nitriding, belonging to the third group, is one of these 
techniques [4]. 
Gas Nitriding is a very simple and economical surface treatment method and this has 
been used for many years [4]. Generally, this method is applied to the most used 
commercial alloy of Titanium. Commercial Purity Grade 4 Titanium, is subjected to 
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this study, is processed with Gas Nitriding, too, but not frequently. In this study will 
be mentioned that Commercial Purity Grade 4 Titanium and gas nitriding of this 
material at different temperature values and for different process time. 
With gas nitriding, a thermochemical conversion treatment, the poor tribological 
properties of Titanium are tried to be improved [5]. Thus, this light and strong metal 
can be used more in engineering applications where the surface properties are 
important. In addition to this, gas nitriding can provide a more aesthetic appearance 
to the parts made of Titanium [6]. 
The aim of this study is summarized as investigating how the wear resistance and 
surface hardness of Commercial Purity Grade 4 Titanium is increased; calculating 
the diffusion activation energy values, required for applying this method, based on 
the thickness of the consisted layers; comprehending how the resistance against 
corrosion of the material changed and observing how the structure of Titanium 
changed. 
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2.  TITANIUM AND TITANIUM ALLOYS 
2.1 General Properties of Titanium 
Titanium was discovered in 1791 by William Gregor, a British chemist and 
mineralogist. At this first time, Titanium was produced from “ilmenit” (Fe2+TiO3). 
After this discovery by Gregor, four years later, a chemist from Berlin named Martin 
Heinrich Klaproth produced Titanium from “rutile”. However, producting Titanium 
was a very difficult process and the obtained metal was not substantial. Eventually, 
Wilhelm Justin Kroll achieved to improve a new process to product remarkable 
amount of Titanium. In this process, named Kroll process, TiCl4 is treated with 
magnesium. Magnesium is used as a reducing agent. Today, Titanium is still 
extracted from Ilmenit or Rutile with Kroll Process mostly. Finally, in 1948, DuPont 
Company produced the commercial products firstly [1]. Since that time, the average 
annual growth rate of the manufacturing of titanium has become approximately 8% 
[4]. 
Titanium and its alloys are used in many industrial areas. For example, about 80% of 
the produced Titanium is used in aerospace industry [1, 3]. Moreover, it is used in 
the areas like medicine and biomaterial engineering, offshore and marine, 
transportation, architecture, chemical processing, power industry, military, sports 
industry and automative sector [1, 5]. 
Titanium can be present at many different places such as the moon, meteorites, the 
sun and the other stars [4]. Titanium is not a rare element or structural metal: It is the 
ninth of the most common elements. The concentration of Titanium is approximately 
0.6% of the earth structure, so this makes it the fourth of the most prevalent structural 
metals [1, 4]. However, most of the time, it can not be found in high concentrations. 
And the existing Titanium ore is never found as a pure metal. Because of this state of 
Titanium, its producing is very difficult and therefore, this metal is very expensive 
[1]. 
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Table 2.1 below shows some physical properties of Titanium. 
Table 2.1 : Some physical properties of titanium [7]. 
Name of 
Element 
Atomic 
Symbol 
Atomic 
Number 
Atomic 
Weight 
Density 
(g/cm
3
) 
Melting 
Point (
o
C) 
Boiling 
Point (
o
C) 
Titanium Ti 22 47.90 4.5 1667 3285 
Titanium is a very light metal and its density is very low. At the same time, its 
strength is very high and because of these properties, it can be used in the structures, 
which are strong and light, such as aeroplane industry. Moreover, the temperature 
capability of Titanium is very high, therefore Titanium can be used in cryogenic 
applications, and it can resist erosion and corrosion, hence one of the usage areas is 
marine and offshore [1, 3, 8]. In addition to these good features, the biocompability 
of titanium is very good so it can be used in medical industry widely [2]. Titanium is 
neutral for the human body, it does not cause any cyto-toxic reactions like another 
metal named Zirconium which is used for biomedical applications, hence Titanium is 
used in bioenginnering applications as artificial bones, heart valves, joints and bone 
plates, too [4, 9, 10]. The usage of Titanium as artificial body parts, especially hips 
and the other joints has continued for about 35 years. For example, the recently 
developed Ti-29Nb-13Ta-4.6Zr (TNTZ) alloy has a lower Young’s modulus like 
human hard tissues. Moreover, its corrosion resistance and mechanical properties are 
excellent to use for structural bioengineering applications [9]. Because of the features 
of strength and biocompatibility of Titanium, it is an optimum material for oral 
prostehetics and other dental applications. Titanium is also used for the applications 
needed damage tolerance, high resistance against corrosion, low elastic modulus and 
high strength-to-weight ratios such as sports equipments [4]. 
Like the most of other metals, Titanium and its alloys have some disadvantages, too. 
For example, the tribological properties of Titanium are not good to be used in 
mechanical applications. The adhesive and abrasive wear resistance of Titanium is 
very low, its friction coefficient is very high, its fretting properties are inadequate 
and hardness values of Titanium are low [3, 4, 11]. Nevertheless, galling of titanium 
against most counterfaces made of metal does not exist. However, these alloys can 
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relay adhesively and wear enormously. Moreover, pure titanium can disfigure and 
relay drastically in wear applications without lubricants [12]. 
During adhesive wearing, Titanium and its alloys show an adhesive behavior called 
“stick-slip”. Because of the strong adhesion property, this stick-slip behavior occurs. 
In the beginning of the wear test, the real contact area grows with ascending 
tangential force via junction growing. The surfaces of the specimen and abrasive ball 
(for example, Al2O3) contact each other adhesively, so, this movement is called 
“stick”. After that, if the applied force prevails the adhesive strength, the junction 
will be broken; therefore, there happens a quick behavior called “slip” between the 
surfaces. If this “slip-stick” behavior continuous, a wide fluctuation can be observed 
in the tracks of the friction [11]. 
The reasons of Titanium exhibiting a poor adhesive wear behavior are its reactivity 
and crystal structure. Moreover, electron structure, adhesion behavior, ductility, 
thermal conductivity and inadequacy of lubricants are the other reasons of the low 
adhesive wear resistance of Titanium and its alloys. In addition to this, Titanium and 
its alloys have low abrasive and fretting wear resistances, too. Because of the low 
hardness values, the abrasive wear resistances of Ti and its alloys are low, too. And 
during fretting wear, there occur some wear mechanisms such as abrasive, adhesive 
and oxidative wear, at the same time. Using the surface applications changes the 
surface nature of Titanium and hereby these problems can be solved. With the 
techniques such as thermochemical processings, the surface cannot be no longer 
titanium, instead of it there is a compound layer of titanium with very high hardness 
values. In this way, while the tribological properties are enhancing, the mechanical 
features are enhancing, too [4, 11]. 
The specific strength of Titanium alloys at high temperature is significantly high. 
Nevertheless, the maximum usage temperature of Titanium is not very high (about 
600
o
C) because of the high reactiviy of Titanium with Oxygen [1, 13]. Above 600
o
C, 
oxygen diffuses through the oxide layer on the surface too fast and that causes to 
grow of the oxide layer extremely. As a result of this, the oxygen embrittlement 
occurs in Titanium. Moreover, because of this oxidation behavior, Titanium’s price 
is comparatively high: During the production and the melting processes of Titanium, 
inert atmosphere or vacuum is needed to use. If inert atmosphere or vacuum is not 
used, Titanium is oxidized and an oxide layer is formed on the surface of Titanium. 
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However, this oxide layer provides the excellent corrosion resistance of Titanium in 
several types of aggressive media such as aqueous acid [13]. 
Table 2.2 below shows the year of the introduction and maximum service 
temperature for some alloys based titanium. 
Table 2.2 : Composition, maximum service temperature and introduction years for 
…………....some alloys of titanium [4]. 
Alloys Composition (wt.%) 
Max.Service 
Temperature 
(
o
C) 
Introduction 
Year 
IMI-550 4 Al, 2 Sn, 4Mo, 0.5 Si 425 1956 
IMI-679 
2 Al, 11 Sn, 5 Zr, 1 Mo, 
0.2 Si 
1961 450 
IMI-685 6 Al, 5 Zr, 0.5 Mo, 0.25 Si 520 1969 
IMI-829 
5.5 Al, 3.5 Sn, 3 Zr, 0.3 
Mo, 1 Nb, 0.3 Si 
580 1976 
IMI-834 
5.5 Al, 4 Sn, 4 Zr, 0.3 Mo, 
1 Nb, 0.5 Si, 0.06 C 
590 1984 
Ti-11 
6 Al, 2 Sn, 1.5 Zr, 1 Mo, 
0.1 Si, 0.3 Bi 
540 1972 
Ti-17 
5 Al, 2 Sn, 2 Zr, 4 Mo, 
4 Cr 
350 1973 
Ti-64 6 Al, 4 V 300 1954 
Ti-811 8 Al, 1 Mo, 1 V 400 1961 
Ti-6242 6 Al, 2 Sn, 4 Zr, 2 Mo 450 1967 
Ti -6242S 
6Al, 2 Sn, 4 Zr, 2 Mo, 0.1 
Si 
520 1974 
Ti-6246 6 Al, 2Sn, 4 Zr, 6 Mo 450 1966 
These insufficient properties can be improved with some processes changing the 
surface of the Titanium specimens [3, 4]. For using Titanium in mechanical 
applications, there are some methods to develop the surface by coatings and surface 
modification techniques. To develop the surface of Titanium, there are four major 
mechanisms: 
1) Reducing the friction coefficient 
2) Rising the roughness of the surface 
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3) Producing a compressice residual stress 
4) Rising the value of the hardness [4]. 
Table 2.3 below shows some important features of Titanium and its alloys in 
comparison to other structural metals and alloys based Al, Fe, and Ni. 
Table 2.3 : Some important features of Ti in comparison with Al, Fe, and Ni [13]. 
 Ti Al Fe Ni 
Density (g/cm
3
) 4.5 2.7 7.9 8.9 
Crystal Structure bcc → hex Fcc fcc→bcc fcc 
Allotropic 
Transformation(
o
C) 
882 
β → α ______ 
912 
γ → α _______ 
Melting 
Temperature (
o
C) 
1670 660 1538 1455 
Yield Stress 
Level (MPa) 
1000 500 1000 1000 
Room Temperature 
E (GPa) 
115 72 215 200 
Comparative 
Reactivity with O2 
Very High High Low Low 
Comparative 
Corrosion Resistance 
Very High High Low Medium 
Comparative Price 
of Metal 
Very High Medium Low High 
Titanium has two crystallographic forms. Pure Titanium is in Hexagonal closed 
Packed form (HCP) at room temperature. At 883
o
C, there is an allotropic 
transformation in the structure of Titanium and the hexagonal closed packed 
structure turns into a Body-Centered Cubic (BCC) structure. For titanium and its 
alloys, these structures have special names: hcp structured Titanium and titanium 
based alloys at α phase and these are named alpha alloys and bcc structued ones are 
at β phase and these are named beta alloys. The changes at the crystallography of 
Titanium and its alloys can be controlled by thermochemical treatments and adding 
alloying elements and therefore different features and many alloys of Titanium for 
different applications can be obtained [13]. Diffusion and the capability of plastic 
deformation are the main properties of a crystal structure. The rate of the diffusion is 
related to the microstructure of lattice [14]. 
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Figure 2.1 below shows the crystal structures of Titanium schematically. 
 
(a) α-phase unit cell                                   (b) β-phase unit cell 
Figure 2.1 : Crystal structures of Ti [13]. 
The effects of the alloying elements on the features of Titanium vary. For example, 
Zirconium, Palladium, Molybdenum, Tantalum and Niobium can enhance the 
corrosion resistance. For increasing the heat resistance of Titanium and its alloys, 
Molybdenum, Zirconium and Aluminium are added as alloying elemetns. In order to 
raise the ultimate tensile strength and tensile yield strength values, Chromium, 
Aluminium, Silicon, Tin, Vanadium and Iron should be added to form alloys. 
However, these alloying elements cause to diminish the toughness and ductility [4]. 
Carbon, Nitrogen and particularly Oxygen have a strong effect to stabilize α-phase. 
Therefore, these alloying elements increase the α→β transition temperature. 
Hydrogen is a β-stabilizer, so this alloying element decreases the transition 
temperature [4]. 
If the amount of the interstitial elements rises, that cause to a remarkable raise in 
strength. However, as a result of this, a noticably negative effect occurs in ductility 
and so, the risk of forming embrittlement increases [4]. 
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Table 2.4 below shows most used elements to produce alloys and their stabilizing 
influences. 
Table 2.4 : The most used alloying elements and their stabilizer influences [4]. 
Alloying Element Influence on the structure Range (wt. %) 
Silicon 
Enhances the resistance against 
creeping 
0.2 to 1 
Tin Stabilizing α 2 to 6 
Aluminium Stabilizing α 2 to 7 
Zirconium Strengths α and β 2 to 8 
Chromium Stabilizing β 2 to 12 
Vanadium Stabilizing β 2 to 20 
Copper Stabilizing β 2 to 6 
Molybdenium Stabilizing β 2 to 20 
2.2 Classification of Titanium Alloys 
Titanium alloys can be categorized depending on developing these phases as α 
alloys, β alloys and α+β alloys. There are two subcategories of α+β alloys named 
near-α and near-β alloys. The compositions of the alloys belong to these 
subcategories locate near to (α+β)/β or α/(α+β)-phase boundaries, so these alloys are 
named near-β or near-α alloys, respectively [4]. 
2.2.1 α alloys and cp titanium 
Alpha Alloys includes susbtitutional alloying elements such as tin and aluminium or 
interstitial elements such as Nitrogen, Oxygen or Carbon. These are α-phase 
stabilizing elements, they can dissolve in the hexagonal α phase and they raise the 
temperature of the phase transformation. α alloys also include elements such as V, 
Mo and Fe. These elements have limited solubility in hexagonal α phase [13]. 
The specific and favourable features of Alpha alloys are toughnes, gratifying strength 
and ability to be welded. However, the most important disadvantage of these alloys is 
worse foreability in comparison to β alloys [4]. 
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An other most significant advantage of α alloys is that they have the hcp structure, 
hence these alloys do not have a ductile-brittle transformation and this feature makes 
them convenient for the usage in cryogenic applications [4]. 
Moreover, these alloys are majorly used in the chemical applications and process 
engineering applications because of the superb corrosion resistance and formability. 
In addition to this, these alloys have a very high strength [1]. 
Commercial Purity Titanium are actually α-alloys. The difference of them from the 
other α-alloys is their oxygen contents. Their oxygen contents range from 0.18% to 
0.40% respectively from grade 1 to grade 4 of Commercial Purity Titanium. The 
oxygen contents of these four grades raise the values of the stress yield of these 
alloys. In addition to, all Commercial Purity Titanium grades do not obtain their 
strength from the substitutional alloying elements such as Ru, Fe or Pd. Hence, they 
form a different group from the other α alloys [13]. 
There is table 2.5 that shows some properties of the Commercial Purity Titanium 
alloys grade 1 to 4. 
Table 2.5 : Commercial purity titanium alloys grade 1 to 4 with some features [13]. 
Common Name Transus 
Temperature(Tβ,
o
C) 
Composition of the Alloy 
Grade 1 890 CP-Ti (0.18 O, 0.2 Fe) 
Grade 2 915 CP-Ti (0.25 O, 0.3 Fe) 
Grade 3 920 CP-Ti (0.35 O, 0.3 Fe) 
Grade 4 950 CP-Ti (0.40 O, 0.5 Fe) 
The Commercial Purity Titanium alloys grade from 1 to 4 have tensile strength 
values range from 240 to about 550 MPa at room temperature. The lowest strength 
values belong to Grade 1. This alloy can be superbely cold formable. The tensile 
strenght values of Grade 2 range between 390 and 450 MPa. This alloy is the most 
used grade of cp titanium. Grade 3 has a high strength. It can be cold-formed 
moderately [1]. 
Commercial Purity Grade 4 Titanium, which is used as specimens for this thesis 
work, is the strengthest one of the Commercial Purity Titanium alloys. Its strength 
value can be up to 740 MPa [1]. 
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Hence, it is used mostly to fit and to mount. Some complicated figured parts can be 
formed by this alloy at approximately 300
o
C [1]. 
Table 2.6 presents some features of CP Grade 4 Titanium. 
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Table 2.6 : Some properties of commercial purity grade 4 titanium [1, 15]. 
Alloy TS (MPa) FS (MPa) YS (MPa) E (GPa) %El 
Hardness 
(HV) 
Poisson’s 
Ratio 
Shear Modulus 
(GPa) 
Compressive 
Modulus (GPa) 
Fracture 
Toughness 
CP 4 Grade 
Titanium 
>550 250-517 480-655 100-120 15 260 0,37 40 110 
99 - 140 MPa-
m½ 
 
13 
2.2.2 β alloys 
These alloys include some alloying elements such as Iron, Vanadium, Chromium and 
Molybdenum. These alloying elements are β-stabilizer and they reduce the α→β 
phase transfortmation temperature (β Transus) [4]. 
Ti-3Al-8v-6Cr-4Mo-4Zr, Ti-10V-2Fe-3Al, and Ti-15V-3Cr-3Al-2 Sn are a few 
examples of the commercial β Titanium alloys [4]. 
The ability of forming of the beta alloys is super high. Another feature of beta alloys 
is tendency to transform from ductile to brittle structure, because the crystal structure 
of beta alloys are bcc and the materials formed in bcc structure tend to ductile-brittle 
transformation. Hence these alloys like the other bcc structured materials can not be 
used for the applications occurred at low temperatures [4]. 
2.2.3 α+β alloys 
These alloys have a mixed composition of α and β phases. Various β alloys in 
thermodynamic equilibrium have two phases, but generally α+β alloys include mixes 
of β and α stabilizing alloys [4]. 
The features of α+β alloys can be adjusted by heat processing, hence the existing 
phases types and amounts [4]. 
These alloys usually show sufficient strength at high temperature values and very 
good strength at room temperature values. Moreover, the machinability of these 
alloys are very good, too. Ti-6Al-4V is an example of the most used α+β Titanium 
alloys [4]. 
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3.  SURFACE MODIFICATION TECHNIQUES APPLIED TO TITANUM 
AND TITANUM ALLOYS 
As mentioned previous sections, the tribological properties of Titanium are very 
poor. The high values of coefficient of friction, low hardness and poor resistance 
against abrasive wear prevent to use Titanium in some mechanical processes [3]. For 
improving these poor surface features of Titanium, some surface engineering 
methods can be applied to Commercial Purity Titanium and its alloys. With these 
methods, wear and hence, galling of Titanium can be surpassed [4]. 
Generally, the surface modification techniques applied to Titanium and its alloys can 
be categorized three major classes: Coatings, Heat Treatment and Thermochemical 
Processes [4]. 
3.1 Coatings 
There are many different kinds of coatings can be carried out to Titanium and its 
alloys. These coatings can be categorized as physical vapor deposition (PVD), 
chemical conversion coatings, sprayed coatings, plating etc. All of these coatings are 
applied on Titanium substrates to improve the tribological properties of Titanium and 
its alloys [4]. 
PVD is a surface covering method includes many different processes such as ion 
plating, many types of sputtering and evoporations to accumulate metals, 
compounds, alloys etc. on a substrate. These substrates vary many different kinds of 
materials. For example, subtrates of tool materials are coated by reactive sputtering 
or reactive ion plating of TiN and related materials and that is a very succesful 
technic for using these tool materials effectively [4]. 
One of the other PVD techniques applied on the Titanium alloy substrate 
successfully can be spray coating. During spray coating, generally plasma spraying is 
used. Morever, High Velocity Oxyfuel (HVOF), vacuum plasma spraying and 
detonation gun are used for spray coating. Many different types’ of materials can be 
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used to coat Titanium substrates. Because of these coatings, the wear of Titanium 
substrates can reduce [4]. 
Chemical conversion coatings are applied on Titanium to enhance lubricity. These 
coatings behave like a base to retain the lubricants [4]. 
Other sort of coating that applied to Titanium and its alloys is plating. Some kinds of 
plating are platinum platings, copper platings, plating for resisting against wear and 
plating for emittance. With platinum plating on titanium can be obtained superb 
electrochemical properties. Copper plating provides the lubricity of titanium wires. 
For wear resistance, generally hard chromium plating and electroless nickel plating 
are used on Titanium and its alloys. For emissivity, sprayed coatings and 
electrodeposits of gold are used on Titanium to obtain a surface that can reflect heat 
and hence the substrate temperature can reduce [4]. 
3.2 Heat Treatment 
With heat treatment, Titanium and its alloys can gain different features. For example, 
structural stability, machinability and ductility of Titanium can be optimized, or 
some special features like strength, fracture toughness and fatigue strength of 
Titanium can be enhanced [4]. 
There are two different types of heat treatment: surface heat treatment and bulk heat 
treatment. With surface heat treatments, enhancing of the tribological features of 
Titanium and its alloys are purposed. Recently, some studies about surface heat 
treatments are carried out such as ion implantation, laser assisted surface treatments, 
and plasma-assisted surface treatments. The principal goal of these treatments is 
altering the microstructure of the surface of Titanium and Titanium alloys. However, 
changing of the surface chemistry does not occur. During these treatments, according 
to the type of the treatment, heating and cooling rates can be extremely high. And 
with some techniques, like laser assisted surface treatments, laser is used to melt the 
surface and the surface alteration can be obtained with this melting effect [4]. 
Several kinds of bulk heat treatments like recrystallization, duplex, single and beta 
annealing; aging and solution treatments are applied to obtain some special 
mechanical features. However, the bulk treatments can not be very effective 
enhancing the tribological features as well as surface treatments [4]. 
17 
3.3 Thermochemical Treatment 
Most of the surface modification techniques can be applied to Titanium and its alloys 
as mentioned before. However, some conditions are very important to apply these 
techniques. 
Some case hardening methods can be applied as surface modification techniques to 
Commercial Purity Titanium and its alloys, but as a consequence of these methods, 
there does not occur significant alterations of the composition of the surface. These 
alterations are limited by the substrate composition. Therefore, the thermal hardening 
processes can not be effective in many cases.  The treatments which can change the 
surface composition locally, can produce microstructures and related mechanical 
features are different from those of the base material [4, 16]. 
Moreover, Titanium alloys can react with all elements except the most stable ones at 
several temperature values. This property of Titanium allows applying many 
different diffusion-based treatmens to the surface. For developing the mechanical 
features of Titanium and its alloys, different kinds of thermochemical processes can 
be implemented [4]. 
In addition to these conditions, the treatments that applied to the surfaces of Titanium 
and its alloys have to be completed in protecting inert gas environment or in vacuum, 
because titanium and its alloys can react with interstitial elements easily, particularly 
oxygen because of the chemically activeness of Titanium [4]. 
Today, the popularity of the thermochemical treatment techniques depending on the 
diffusion saturation of the surfaces of the materials with several elements is 
increasing. These treatments can reduce the friction of coefficient, enhanced the 
corrosion resistance and the wear resistance and enharden the surface of the relevant 
material. The most used thermochemical treatments for the enhancement of the poor 
tribological features of Titanium and its alloys are, carburizing processes, oxidation 
processes and nitriding processes [4]. 
3.3.1 Carburizing process 
During carburizing process, titanium and its alloys should be treated in carburizing 
and nonoxidizing media because of the very low solid solubility of carbon in 
titanium. Therefore, the phase equilibrium system of Titanium-Carbon is different 
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from the Titanium-Nitrogen system and the Titanium-Oxygen system. The solid 
solubilities of Nitrogen and Oxygen in Titanium are higher than the Carbon’s [4]. 
Because of this low solid solubility of Carbon in Titanium, although the thickness of 
the formed TiC compound layer varies from 1 to 10 μm, there is no remarkable 
diffusion zone underneath this TiC layer [4]. 
The process temperature values of carburizing vary up to 1050
o
C in an environment 
involves Carbon [4]. 
After carburizing, wear-resistant surfaces can be obtained for Titanium and its alloys. 
This modification method can be used to enhance the surfaces of engine valves [4]. 
3.3.2 Oxidation process 
The oxidation of Titanium has been studied by different research groups for about 50 
years. However, this thermochemical process has not been considered as a surface 
modification technique applied to Titanium and Titanium alloys [4]. 
The poor tribological features of Titanium and its alloys can be developed via 
oxidation process. The solid solution of oxygen and α-Ti provides a remarkable 
enhancement of the strength of the material [4]. 
Titanium has a superb resistance against corrosion under normal conditions 
commonly because of the development of protecting, adhesive and steady oxide 
films on the material surface. This oxide film grows into a thougher and thicker form 
during oxidation and this form provides an extra corrosion protection [4]. 
These protecting oxide layers can be created, as titanium and its alloys are being 
heated in air at a temperature ranges from 400
o
C to 800
o
C for 2-10 min. However, 
these oxide films are very brittle and therefore, these films can be failured during 
mechanical applications with ease. In conclusion, the oxidation process can not 
enhance the resistance against wear remarkably [4]. 
There are some studies about the thermal oxidation to develop the wear resistance of 
titanium. According to these studies, the rutile surface oxide (TiO2) is formed after 
the thermochemical treatment of Ti-6Al-4V in a gas environment of Ar/O2. This 
rutile layer shows ideal values of wear resistance for Ti-6Al-4V and the maximum 
hardening depth is 250 μm at 900oC and 125 μm at 850oC [4]. 
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Another method is plasma electrolytic oxidation obtaining a wear-resistance layer on 
the surface of Titanium. With this technique, a thick and outstandingly adhesive film 
can be formed. The maximum thickness of this layer can reach about 500 μm. 
Plasma thermochemical interactons within the multiple-surface discharges eventuate 
in developing a coating in either direction from the surface of the substrate [4]. 
3.3.3 Nitriding 
Nitriding is a method hardening the surface of titanium and its alloys and this method 
has been used for a long while. The poor tribological properties of Titanium, such as 
the low resistance against wear and tending to gall, can be enhanced via this method 
[1]. 
There are many different kinds of processes and treatments based on nitriding. 
Lakhtin made a classification of these processes and treatments, and therefore the 
improvement stages of this type of thermochemical treatment can be specified widely 
[17]. 
Nowadays, some features of nitriding are being studied mainly such as saturation 
control, mechanism of development of layers, the form of the treatment, engineering 
and industrial applications of nitrided materials. With these studies, the current 
classification of nitriding process and nitriding based treatments will be expanded. 
And the classification like this can provide some advantages such as systematization 
of the current treatments, understanding and developing of the process parameters 
and mechanism of forming, providing to control the features of the acquired 
compound layer and the final structure of the specimen and the specification of the 
optimum application areas for the treated materials [17]. 
There are four important criteria for the classification of nitriding process: The 
properties of the treatment, the mechanism of forming of the saturating atoms, the 
temperature of the treatment, the composition and features of the phase and 
materials. As mentioned below, on Figure 3.1. , the classification of the nitriding 
process and nitriding based treatments can be seen [17]. 
After nitriding process, the strength of the surface layer increases remarkably, 
because of the high solubility of Nitrogen in α-Ti [4]. Moreover, the hardness values 
of titanium and its alloys increase. Especially, the longer nitriding time and the 
higher process temperature can cause higher values of hardness. In addition to this,  
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Figure 3.1 : Classification of nitriding treatments [17]. 
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nitriding results in increasing of the strength at high temperature values and the wear 
resistance, but at the same time that cause to diminish their impact toughness and 
ductility significantly [18]. 
With this treatment, a compound layer forms on the surface of the materials. This 
compound layer has two parts: the upper part is TiN layer and the second part is Ti2N 
underneath, and the hardness values of this compound layer range from 3000 to 1500 
HV. In some studies, different hardness values were reached such as 1900 HV for 
TiN0,97 [4] , 1200 HV for TiN0,6 [4] and 2450 HV for TiN [19]. In addition to this, 
TiN layer causes an enhancement of the wear properties of Titanium [19]. According 
to Seahjani et. al, during dry sliding against Al2O3 ball, because of the TiN layer, the 
friction coefficient and the wear loss diminish significantly [19]. 
The Figure 3.2 shows the Nitrogen (N) – Titanium (Ti) binary phase diagram. 
 
Figure 3.2 : N- Ti phase diagram [20]. 
Nitriding process should not be carried out in air, because Titanium tends to react 
with Oxygen and to form TiO2 preferably to TiN and TiN2 [4]. Because of this 
tendency, Nitriding has to be applied to Titanium in a vacuum furnace [1]. 
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3.3.3.1 Laser nitriding 
In some applications of industry such as some mechanical parts, diffusion barriers in 
microelectronis, die molds, decorative stuff and cutting tools, the thin films made of 
TiN are the most used ones [2]. 
Laser Nitriding is one of the nitriding processes applied to Titanium and its alloys to 
produce a hard titanium nitride layer on the surface of the material. During this 
process, the surface is melted in depth of 1 to 1.5 m by a focused laser beam in a 
nitrogen gas medium [4]. 
After laser nitriding process, a superb metallurgical bond between the substrate and 
the surface layer can be obtained and because of that, it is a very attractive method to 
harden Titanium and its alloys [4]. 
During this process, nitrogen has to flow through a nozzle with an minimum angle of 
30
o 
to the surface into the melting pool. The major problem of the laser nitriding of 
Titanium is the surface cracking [4]. 
With adjustment of the parameters of the laser nitriding treatment such as scanning 
speed, the concentration of nitrogen and laser pulse energy, higher microhardness 
values between 900 and 1300 HV can be obtained for Ti-6Al-4V [4]. 
The most important disadvantages of the laser nitriding of Titanium and its alloys are 
the importance of the geometry of the used material and the requirement of particular 
equipment [4]. 
3.3.3.2 Plasma nitriding 
Plasma nitriding is a very advantegous thermochemical process. Controlling of the 
depth of the developing layer and the creation of the phase during process are the 
main advantages of the plasma nitriding. Moreover, the nitriding during this process 
lasts a short time and it prevents oxidation [4]. 
There are some studies about this treatment for different nitriding times from 15 min. 
to 32 h and at low values of temperature ranges from 400
o
C to 950
o
C. After these 
experiments, the measured values of microhardness range from 600 to 2000 HV for 
Ti-10V-2Fe-3Al and Ti-6Al-4V. In addition to this, the thickness value of the 
compund layer is determined as approximately 50 m [4]. 
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There are two main plasma processes for synthesizing titanium nitride: ion nitriding 
and PVD[4]. 
Plasma nitriding has some disadvantages. For this treatment, high ionizing energy 
and some particular equipment are needed. Furthermore, this process diminishes the 
values of the fatigue strength of Titanium and its alloys. However, if the temperature 
of the tretment is decreased, this issue can be solved [4]. 
3.3.3.3 Ion-beam nitriding 
Ion-beam nitriding is one of the hardening process that applied to the surface of 
Titanium. This process takes up the high-energy end-spectrum [4]. 
During this process, the surface of the material is treated by the ion beam via using 
Ar and N2. The surface of the sample is bombed by Nitrogen and as a result of this, 
the atoms of the impurities are desorpted and sputtering [4]. 
According to the literature, this process is carried out at values of the temperature 
range from 500
o
C to 900
o
C for the periods of time from 30 min. to 20h. The 
thickness of the formed layer ranges from 5-8 μm and the measured microhardness 
of the surface after the process values from 800 to 1200 HV for Ti-8Al-1Mo-1V and 
Ti-6Al-4V [4]. 
3.3.3.4 Gas nitriding 
Gas nitriding is a thermochemical treatment that can be applied easily to the surface 
of the materials to develop a harder compound layer for engineering applications [4]. 
This process does not need praticular equipment and is not dependent on the 
geometry of the specimen, so these are the most important advantages of this process 
[4]. 
During this process, the specimens are processed with the ultra-pure nitrogen gas, 
which has a certain flow rate. This nitrogen gas diffuses into the specimens after it 
dissociates thermally during this process [1]. 
The disadvantage of this process is that the nitriding time lasts very long. As regards 
the literature, periods of nitriding time range from 1 h to 100 h. One of the other 
disadvantages is that gas nitriding process needs very high temperature values range 
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from 650
o
C to 1000
o
C, in accordance with the literature. Moreover, this treatment 
decreases the limit of the fatigue of Titanium and its alloys [4]. 
According to some studies, the measured thickness values of the nitrided layer after 
the gas nitriding process are approximately 2-15 μm for Ti-6Al-4V. And the 
measured microhardness values after the process range from 450 HV to 1800 HV for 
Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo [4]. 
For some alloyed and commercial purity titanium, the increasing of the hardness 
values of the surface from 240 to approximately 3000 HV can be observed [1]. 
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4.  GAS NITRIDING OF TITANIUM BASED MATERIALS 
In the previous section, general characteristics of gas nitriding were explained 
briefly. This section is more specifically focusing on the gas nitriding kinetics and 
the effects of the gas nitriding on the properties of titanium and its alloys. 
4.1 The Kinetics of Gas Nitriding 
During nitriding process, there occur many reactions at the gas-metal interface and in 
the base material. A simplified physical model of the development of consisted 
layers during gas nitriding process of Titanium is improved. This physical model is 
attributed on reaction-diffused laws and can be applied for the nitriding process 
tempreatures below α → β transformation temperature generally [4]. 
The reactions, which take place during nitriding, are: 
1) The titanium substrate in an nitrogen-active media at high temperature values 
exposes a mass transfer of nitrogen from the environment to the solid 
Titanium. 
2) The nitrogen is absorbed by the substrate at the surface, and then nitrogen 
diffuses inside of the substrate and makes an interstitial solution with hcp α-
titanium. This consisted layer is named as the diffusion zone. (α (N)) 
3) The diffusion process proceeds until the α-titanium matrix cannot solve 
nitrogen atoms any longer. When the concentration of nitrogen at the 
boundary between the gas media and the substrate becomes higher than the α-
titanium phase, this phase cannot maintain itself to be an interstitial solution. 
Therefore, there occurs a concentration jump of nitrogen at the surface of the 
specimen and at the interface, and a new reaction takes place to develop a 
new phase called Ti2N. So, there are two consisted layers: on the top, a 
compound layer named Ti2N and a diffusion zone beneath. 
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4) After the formation of Ti2N, this layer continues to develop until the nitrogen 
concentration at the boundary between gas environment and the surface of the 
substrate becomes higher than the Ti2N. After this, Ti2N phase transforms to 
TiN phase. So, the consisted layers are TiN at top, Ti2N underneath. And the 
diffusion zone (α (N)) is at bottom [4]. 
The phase transformations taking place on the specimen surface during process are: 
α – Ti => α (N) – Ti => Ti2N => TiN  
Figure 4.1 shows the development kinetics of consisted layers during nitriding 
process of Titanium specimen. 
 
Figure 4.1 : A schematic drawing of the development kinetics of consisted layers 
……………..during  nitriding [4]. 
4.2 The Importance of The Chemical Composition of The Alloys 
According to S. Malinov et al. (2004) “over 80% of the works connected with 
surface hardening of titanium alloys were devoted to nitriding of the most widelys 
used alloy Ti - 6% Al – 4% V.” (p.21). Although Titanium alloy has some very good 
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properties and hence it has been used in many different applications, it is not 
completely suitable for all of the usage areas where it is used. Therefore, the studies 
with different classes and grades of Titanium alloys to investigate the significance of 
the chemical composition during nitriding process carried out. This study group had 
a result that the alloys Ti 8-1-1 and Ti 6-2-4-2 are more prosperous to nitride than the 
alloys Ti 10-2-3 and Ti 6-4. According to Figure. 4.2, the pseudobinary β-
isomorphouse phase diagram below, with nitriding of the alloys placed on the left-
hand side of this diagram can be obtain a more successful conclusion than the alloys 
belong to the β-phase or α+β phase range [21]. This conclusion has two main 
reasons: 
 
Figure 4.2 : Pseudobinary phase diagram shows conventional location of nitrided 
……………..alloys (AEβ are elements which stabilize the β-phase) Section 1, α-
……………..structured alloys; section 2, pseudo-α-structured alloys; section 3, 
……………..(α+β) structured alloys; section 4, pseudo-β structured alloys 
……………..(metastable-β-phase) and section 5, β-structured alloys [21]. 
a) Some β-stabilizer elements such as vanadium, affect the nitrogen diffusion in 
titanium and its alloys negatively. For example, Ti 6-2-4-2 not containing 
vanadium and its nitriding gives better results than Ti 8-1-1 included 
vanadium [21]. 
b) The α to β phases proportion varies in several alloys at the same temperature 
values such as 950
o
C. Because of this variation of the composition of the 
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phase causes the changing of the diffusion development in different alloys 
[21]. 
As regards to the effect of nitrogen to titanium specimen, nitrogen is a very strong 
solid solution strengthener and α-stabiliser. As a result of this, nitrogen can cause an 
embrittling effect in the near surface zone. So, the nitrogen concentration profiles 
must be analysed after the nitriding process not to cause embrittlement [22]. 
4.3 The Effect of Nitriding Temperature 
The thickness and the microstructure of the nitride layer are related to the nitriding 
temperature and the nitriding time [14]. The nitriding temperature above and below 
β-transus affects the specimens differently. According to this, different features, 
different morphologies of the microstructure and the different process kinetics for 
various phase compositions can be obtained after nitriding [21]. 
In addition, the effect of the nitrogen to the temperature of α-β transformation should 
be considered. For example, a very low concentration of nitrogen can change the β-
transus significantly. Hence, the phases can form at different ratios at the equilibrium 
phase diagram of α- and β-phases [21]. 
The effect of the process temperature on the consisted layer is directly proportional. 
For example, the growth of TiN increases with the increasing temperature of 
nitriding [21]. The whole depth of nitrided layers raises with ascending process time 
[23]. 
The nitriding temperature affects the surface microstructures, too. The low treatment 
temperatures such as 950
o
C cause homogenous and fine microstructure. However, 
the increased temperatures such as 1050
o
C result in an inhomogenous and coarse 
nonuniform microstructure at the surface layers. The difference also can be explained 
by these instance temperatures above and below of the β-transus. If an alloy is treated 
by these temperatures, it has different microstructure because this alloy has different 
compositions of the phase during processing at 1050
o
C and 950
o
C. So, it is affected 
by these values of temperature differently. Thus, that can be understood that the β-
transformation temperature affects the microstructure largely [21]. 
The different temperatures of nitriding influence the consisted diffusion zones, too. 
Below the transformation temperature, the diffusion zone has α-phase composition 
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majorly, above the β-transus, it includes β-phase primarily. Moreover, the diffusion 
kinetics and mechanism are affected by the varied treatment temperatures. As a result 
of this, different morphologies are occurred. The alterations of the mechanism and 
kinetics of diffusion may result in particle segregations and that changes the 
morphology. Or some transformations occurred during cooling after nitriding at 
different temperatures can cause some differences in morphology of the structure 
[21]. 
For titanium alloys, like Ti 10-2-3, the nitriding temperature above the β transus can 
affect the structure negatively. A non-uniform and coarse structure is formed after 
gas nitriding at the temperature values above transformation temperature. Hence, this 
treatment should be applied at temperature values below α → β transformation 
temperature [21]. 
The nitriding temperature affects the crystal structure of the substrate, too. With 
increasing process temperature, the lattice parameters of α-phase increase, too. This 
situation shows that the concentration of nitrogen in the surface raises with ascending 
temperature, too. This increasement does not depend on the cooling rate or aging 
treatment [22]. 
The microhardness values increase according to the increasing nitriding temperature. 
The reason of this enhancement is the development of an inhomogenous structure at 
elevated temperature values [21]. 
The nitriding temperature also influences the wear resistance. Higher nitriding 
temperature values provide higher wear resistance values, because harder and thicker 
nitride layers can develop on the surface with increasing temperature [18]. 
4.4 The Effect of Nitriding Time 
The thickness of the consisted layers increase with the increasing process time [21]. 
The total deepness of the consisted layers increase with ascending treatment time 
[23]. However, the development rates of these layers vary according to the nitrogen 
diffusivities in different phases such as α- and β- phases and their different rates in 
the alloys [21]. 
Improvement of the surface hardness is aimed majorly with gas nitriding. However, 
raising the hardness is not necessary to develop the wear behavior of titanium alloys 
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considerably. The hardness values increase with increasing nitriding time and 
temperature. Because of the formations of the new phases such as TiN during 
nitriding, the surface hardness increases [24]. According to B. Zhao et al., the 
specimen made of TiAl based alloys had a maximum Knoop hardness value of 1629 
kg/mm
2
, when this specimen was processed in ammonia at 1213 K for process time 
prolonged to 50h [23]. 
The nitriding time differences affect the phsycial appearance, too. With increasing 
time, the surface colour of the specimen changes according to the nitriding amount. 
After the completed nitriding, the surface of the sample is covered with TiN and the 
surface colour turns into golden yellow generally. For example, β21s alloy is silver-
grey coloured before nitriding. After process at 850
o
C, the surface colour of this 
specimen changed into grey. After treatment at 950
o
C for 1 and 3 h, the surface of 
the sample looks white coloured. After nitriding at 950
o
C for 5 h, the surface of the 
sample changed into grey coloured. The golden coloured surface was seen after 
nitriding at 1050
o
C [14]. 
The nitriding time also affects the resistance against wear. The longer process time 
can provide to develop harder and thicker layers on the surfaces of the samples and 
with this development, the wear resistance value becomes higher [18]. 
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5.  EXPERIMENTAL STUDIES 
The steps of the experimental studies in this thesis are shown in the flow diagram 
presented in Figure 5.1. 
Figure 5.1 : Flow diagram of followed during experimental work. 
5.1 Surface Preparation 
The specimens were cut from a Commercial Purity Grade 4 Titanium rod having 16 
mm of diameter with the thickness of 5 mm. In order to prepare specimens for gas 
nitriding process, all samples were grinded with 180, 320, 600, 800, 1000, 1200 and 
2400 mesh SiC emery papers for 5 minutes per emery paper. After grinding, the 
samples were cleaned with water and dried in hot air. 
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5.2 Gas Nitriding 
After surface preparation, the specimens were placed in ceramic crucibles on their 
lateral facade because a homogenous surface treatment was aimed. These samples 
were nitrided in the heat treatment furnace at 950 and 1250
o
C for 3, 5, 7, 12 h. The 
used nitrogen gas had a purity of 99%. During the process, the flow rate of the 
nitrogen was maintained stable at 100 lt/h. The heating rate before nitriding and the 
cooling rate after nitriding were adjusted at 15-20
o
C/min. The heat treatment furnace 
used for this study is given in Figure 5.2. 
 
Figure 5.2 : Heat treatment furnace used for gas nitriding process. 
5.3 Characterization Tests 
Characterization tests were performed on both nitrided and unnitrided specimens. 
The tests applied before the treatment were weighing the specimens and X-ray 
diffraction (XRD) analyses of untreated samples. The tests applied after the nitriding 
were measuring the change of the weight, macro and micro surface examinations 
with the optical microsope and scanning electron microscope (SEM)  from cross-
sections and surfaces,  X-ray diffraction (XRD) analyses, microhardness tests with 
multi-cycled loads on nitrided  surfaces and on the cross-sections. 
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5.3.1 Weight changing measurements 
The weight values were meausured by precision scales. The untreated and treated 
specimens were weighed and the differences between these values were determined 
and according to the results, the diffused nitrogen amounts were estimated. 
5.3.2 Micro surface examinations 
Micro examinations were conducted by Hitachi TM-1000 Table Top Scanning 
Electron Microscope (SEM) and Leica Optical Microscope on the nitrided surface 
and crosssections. 
 
 
 
 
 
 
 
 
 
Figure 5.3 : a) Hitachi TM-1000 table top scanning electron microscope (SEM) 
…………......and b) Leica optical microscope. 
5.3.3 X-ray diffraction analyses 
The qualitative determination of the consisted compound layers of nitrided 
specimens were performed by X-ray diffractometer with Cu-Kα radiation in thin film 
mode applied over angular ranges of 2θ = 20o-80o with a step angle of 2o. 
5.3.4 Hardness tests 
The microhardness tests were applied by HMV Shimadzu conventional 
microhardness test device in HV scale. The microhardness tests on the nitrided 
surface with multi-cycle loads were conducted at loads ranging from 100 to 1000 g. 
In addition to multi-cycle loads microhardness tests, hardness measurements were 
(a) (b) 
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performed on the cross-section of the nitrided specimens under indentation load of 
50 g. 
 
Figure 5.4 : HMV Shimadzu mircohardness test device. 
5.3.5 Wear tests 
Wear tests applied to nitrided specimens were conducted by Tribotester device with 
reciprocating movements. The used Al2O3 ball rubbed on the nitrided surfaces of the 
samples under the conditions of the temperature range of 20-30
o
C and the humidity 
rate between 30-40%. The testing time is approximately 5 h 30 min. The length of 
the wear track is 2 mm and the sliding speed of the Al2O3 ball is 0,303 m/s. During 
wear tests, the frictional force data was recorded constantly. The load of the dry 
sliding wear test was 5 N. Results of the wear test were analysed by the 2D profiles 
of the wear tracks. The horizantal and vertical distances of the wear tracks were 
measured by the profilometer (Veeco Dectac 6M) under the load of the stylus of 1 
mg and the measured distance of 1000 m.The wear tracks of the nitrided surfaces 
were analyzed by the SEM.  
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6.  RESULTS AND DISCUSSION 
In this chapter, results of the experiments and characterization analyses are 
discussed. 
6.1 Structure Characterization with XRD Examinations 
Figure 6.1 below shows the XRD patterns of the unnitrided specimens. In this 
patterns, titanium peaks are observed between 2θ = 20o – 80o angles, especially at, 
37
o
, 38
o
 , 41
o
, 64
o
, 75
o
 and 77
o
 angles. Moreover, Rutile (tetragonal TiO2) peaks can 
be seen at 53
o
 and 71
o
 angles. 
 
Figure 6.1 : XRD patterns of unnitrided specimens. 
During nitriding, nitrogen dissociates on the heated surface of the specimen. Then, 
the atomic nitrogen is emitted during dissociation. The consisted surface layer is a 
compound of TiN and Ti2N, underneath this layer there is an interstitial solution of 
nitrogen in α-phase, Commercial Purity Grade 4 Titanium. Figure 6.2 presents the 
peaks of the samples processed at 950
o
C for 3, 5 and 7 hours. These samples were 
coated with mostly TiO2 layer. TiN layer can be seen on the surfaces of the samples 
nitrided for 3, 5 and 7 hours partially. The sample processed for 12 hours was 
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nitrided more than the other process samples. As is also understood from these 
alterations, the TiN and Ti2N peaks are higher and more significant compared to the 
other specimens and TiO2 peaks were disapperaed, with increasing process time. 
 
Figure 6.2 : XRD patterns of unnitrided specimen and specimens nitrided at 950
o
 for 
…………….3, 5, 7 and 12 hours. 
Figure 6.3 shows that, The XRD patterns of the samples processed at 1250
o
C is 
coated with TiN layer. 
 
Figure 6.3 : XRD patterns of unnitrided specimen and specimens nitrided at 1250
o
 
…………….for 3, 5, 7 and 12 hours. 
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With increasing process time at 1250
o
C, the α-Ti(N) peaks disappeared, and the TiN 
peaks became more observable. After nitriding at 1250
o
C for all process time, the 
entire surface is covered TiN and the surface colour became from silver grey to 
golden yellow.  
The XRD results of the samples nitrided at 950
o
C are in comparison with the ones 
nitrided at 1250
o
C we can observe that, with increasing nitriding temperature, TiO2 
peaks disappeared, and TiN and Ti2N peaks became more significant. 
In comparison the XRD results of all the nitrided samples with the untreated ones, 
the Titanium peaks slipped slightly left from their original places. This situation may 
result in increasing of the lattice parameters owing to the nitrogen dissociation in 
Commercial Purity Grade 4 Titanium. 
6.2 Microscopic Examinations of Nitrided Samples 
The surface characterizations of nitrided Commercial Purity Grade 4 Titanium 
samples were made by optical microscope and SEM survays. 
6.2.1 Effect of nitriding time and temperature 
Figures 6.4 - 6.7 show SEM micrographs (x3000) and optical images of the 
crosssections of the specimens processed at 950
o
C and for 3, 5, 7, 12 hours. Figures 
6.8- 6.11 show the specimens processed at 1250
o
C and for 3, 5, 7, 12 hours. 
The changing of the surface can be observed on the cross-section. Nitride layer 
appears as two different form according to the nitriding time. It can be porous or 
dense. With increasing time, the structure of the consistent layer becomes porous and 
can not adhere completely substrate, but the consistent layer is thicker. 
On the other hand, at short processing time, the layer thickness is low, but the 
structure of the consistent surface layer is dense and achieves a very good adherence. 
In addition to this, the nitrided surface roughness is increased and the grains become 
coarser with increasing processing time. 
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Figure 6.4 : (a) Optical microscope (x500) and (b) SEM (x3000) images of the 
……………...sample after  nitriding at 950°C for 3 h. 
 
 
Figure 6.5 : (a) Optical microscope  (x500) and (b) SEM (x3000) images of the 
……………...sample after nitriding at 950o C for 5 h. 
The alteration of the surface can be seen on the cross-section. In comparison with the 
samples nitrided at 950
o
C, these specimens processed at 1250
o
C have coarser grained 
structures. 
In comparison each other of the samples processed at 950
o
C, the thickness and the 
roughness of the nitrided surface layer increase with the increased process time. 
Furthermore, the grains become coarser with increased nitriding time when these 
samples nitrided at 1250 
o
Care compared to each other. 
(a) 
(a) (b) 
(b) 
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Figure 6.6 : (a) Optical microscope  (x500) and (b) SEM (x3000) images of the 
……………...sample after nitriding at 950o C for 7 h. 
 
 
Figure 6.7 : (a) Optical microscope  (x500) and (b) SEM (x3000) images of the 
……………...sample after nitriding at 950o C for 12 h. 
 
 
Figure 6.8 : (a) Optical microscope  (x500) and (b) SEM (x3000) images of the 
……………...sample after nitriding at 1250o C for 3 h. 
(a) 
(a) 
(a) 
(b) 
(b) 
(b) 
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Figure 6.9 : (a) Optical microscope  (x500) and (b) SEM (x3000) images of the 
……………...sample after nitriding at 1250o C for 5 h. 
 
 
Figure 6.10 : (a) Optical microscope  (x500) and (b) SEM (x3000) images of the 
……………...sample after nitriding at 1250o C for 7 h. 
 
 
Figure 6.11 : (a) Optical microscope  (x500) and (b) SEM (x3000) images of the 
……………...sample after nitriding at 1250o C for 12 h. 
(a) 
(a) 
(a) 
(b) 
(b) 
(b) 
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In conclusion, at low temperature and for short nitriding time, the surface structure 
becomes more regular, the grains are smaller and the surface is smoother. When the 
nitriding time and temperature increase, the structure becomes irregular, the grains 
become coarser and the surface becomes rougher.  
6.3 Diffused Nitrogen Amount Calculations 
Weight changing values of after nitriding was calculated in the unit of g/mm
2
 by 
dividing the weight gain values of the processed samples (ΔW) to their total surface 
areas. 
As the thickness of the diffusion zone increases, the diffused nitrogen amount 
increases, too. To calculate this, the formula below was used: 
                                                       
  
          
                           
As the nitriding time is increasing, the diffused nitrogen amount is increasing. 
Elevated temperatures ease the interstitial diffusion, so Titanium can dissolve more 
Nitrogen with increasing process time. 
Figure 6.12 shows the diffused nitrogen amount of the specimens nitrided at 1250
o
C 
for 3, 5, 7 and 12 hours. 
 
Figure 6.12 : Diffused nitrogen amount of CP- titanium nitrided at 1250
o
C. 
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The specimens nitrided at 950
o
C could not achieve the complete nitriding, except the 
one was nitrided for 12 hours, and the result is 0,8824739062x10
-4
 gr/mm
2
. The other 
specimens were mainly oxided. However, the oxidation decreases and nitriding 
increases with increasing process time. Because of the oxidation, the diffused 
nitrogen amounts of the samples nitrided for 3, 5 and 7 hours could not be calculated 
properly and did not show on a diagram. 
6.4 Thickness Variation of  The Consisted Layers 
The specimens processed at 3, 5 and 7 hours at 950
o
C could not be nitrided 
completely, they have partial nitrided structure. These specimens were mainly 
oxided. Only the specimen nitrided at 12 hours has a complete nitrided layer. 
By comparison with the nitriding process at 950
o
C and 1250
o
C, the importance of the 
temperature differences can be observed. At higher values of temperature such as 
1250
o
C, the thickness of the consisted layer is more than the layers formed by 
nitriding at 950
o
C. 
As the results of the process at 1250
o
C are compared with each other, with increasing 
time, the thickness of the TiN layer increases, and at the same time the thickness of 
the diffusion region shows a sharp raise. And total thickness increases, too. 
Figure 6.13 and 6.14 present the thickness variation of the consisted layer and 
diffusion region.  
 
Figure 6.13 : Thickness variations of the TiN and diffusion layers and total of them 
……………...according to the nitriding time at 950oC. 
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The diffusion region is formed by the interstitial diffusion of the nitrogen in 
Commercial Purity Grade 4 Titanium. 
 
Figure 6.14 : Thickness variations of the TiN and diffusion layers and total of them 
……………...according to the nitriding time at 1250oC. 
6.5 Hardness Tests 
6.5.1 Microhardness tests with multi-cycled loads on surface 
The multi-cycled load microhardness tests were performed by the loads of 1, 3, 5 and 
10 N. Figures 6.15 and 6.16 show that the layer composed during nitriding have the 
highest value of the hardness under the load of 1 N. 
 
Figure 6.15 : The multi-cycled load microhardness tests results of unnitrided and 
…………….....nitrided specimens at 950oC for 3, 5, 7 and 12 h. 
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The minimum values of the hardness are obtained under the load of 10 N. The 
unnitrided specimens have the similar hardness values under all of the test loads. 
 
Figure 6.16 : The multi-cycled load microhardness tests results of unnitrided and 
…………….....nitrided specimens at 1250oC for 3, 5, 7 and 12 h. 
6.5.2 Microhardness tests on cross-sections 
Figures 6.17 and 6.18 present the microhardness profiles of the consisted layers, 
diffusion layers and the cores on cross-section. 
 
Figure 6.17 : The microhardness profiles of the specimens nitrided at 950
o
C for 3, 5, 
……………...7 and 12 h. 
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As the diffusion region increases, the hardness values under the higher loads 
increase, too. This shows the consisted layer thicken more and more.  
As the process time longer, the thickness all of the layer increases and deeper 
hardness can be obtained. These thickness values of the nitrided layers vary 2 and 6 
μm in the nitriding process at 950oC. The nitrided layers thickness vary between 7 
and 26 μm according to the nitriding parameters in the treatmens at 1250oC. The 
layer depht values are lower at 950
o
C than at 1250
o
C. 
 
Figure 6.18 : The microhardness profiles of the specimens nitrided at 1250
o
C for 3, 
……………....5, 7 and 12 h. 
6.6 Wear Tests 
Profiles of the wear tests and SEM images of the wear tracks of the unnitrided 
sample is presented in Figure 6.19. These tests were carried out by reciprocating 
tribotester device with a 2 mm eccenter, 6 mm diameter Al2O3 ball, 100000 mm of 
sliding length, under 5 N load and 5,00 m/sec sliding speed in dry media and under 
normal atmospheric conditions. 
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a) 
 
b) 
Figure 6.19 .: a) Wear depth morphology (SEM image x2000) , b) wear depth 
……………....profile of the unnitrided sample. 
Profiles of the wear tests and SEM images of the wear tracks of the nitrided samples 
at 950
o
C for 3, 5 and 7 hours are presented in Figures 6.20 and 6.21. Micro abrasion 
and cracks can be seen. The width and depth of the wear track of the unnitrided 
specimen are higher than the specimen nitrided at 3, 5 and 7 Hours. 
 
a) 
 
b) 
Figure 6.20 : a) Wear depth morphology (SEM image x2000) , b) wear depth 
………………..profile of thesamples nitrided at 950o C for 3 hours. 
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a) 
 
b) 
 
c) 
 
d) 
Figure 6.21 : a), c) Wear depth morphology (SEM image x2000) , b), d) wear 
……………….depth profile of the samples nitrided at 950o C for 5 and 7 hours. 
The nitriding processes at 950
o
C for 3, 5 and 7 h enhanced the wear behaviour of 
Commercial Purity Grade 4 Titanium. However, at 12 hours, the wear track is deeper 
and wider due to the embrittlement of the surface layer, and wear behaviour became 
poorer again but not as poor as unnitrided statement. As a general result, the 
Titanium nitride layers were exposed to exfoliation ant the wear process continued in 
the diffusion layer. Profile of the wear tests and SEM images of the wear tracks of 
the nitrided samples at 950
o
C for 12 hours are presented in Figure 6.22. 
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a) 
 
b) 
Figure 6.22 : a) Wear Depth Morphology (SEM image x2000) , b) Wear Depth 
………………..Profile of the sample nitrided at 950oC for 12 hours. 
Figures 6.23 and 6.24 show the profiles of the wear tests and SEM images of the 
wear tracks of the nitrided samples at 1250
o
C for 3, 5, 7 and 12 hours. 
The wear occured in the Titanium nitride layer only, did not contiue through the 
diffusion zone. Moreover, the depth and witdh of the wear track decreases with 
increasing time. The thin wear tracks can not be seen. 
 
a) 
 
b) 
Figure 6.23 : a) Wear Depth Morphology (SEM image x2000) , b)Wear Depth 
………………..Profile of the samples nitrided at 1250o C for 3 hours. 
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a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
f) 
Figure 6.24 : a), c), e) Wear Depth Morphology (SEM image x2000) , b) , d), f) 
………………Wear Depth Profile of the samples nitrided at 1250o C for 5, 7 and 12 
……………….hours. 
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The depth and width values of the wear tracks can be calculated from the profiles 
which can be seen in Figures 6.19 – 6.24. With using these values, the approximate 
wear track area can be calculated via the formula below. 
                      
                                           
 
         
The values of the average wear track areas (µm2) of the each specimen can be seen in 
the Table 6.1. 
Table 6.1 : Average wear track area values of the nitrited and unnitrided samples. 
CP-Ti 
Sample 
Average wear track area (µm2) 
3 H 5 H 7 H 12 H 
Gas nitrided 
at 950
o
 C 
4969,58 3349,96 967,65 12913,14 
Gas nitrided 
at 1250°C 
530,22 429,71 313,71 158,65 
Untreated 15008,75 
The relative wearresistances of the specimens were calculated with the formula 
below. 
                                        
                       
                
                       
               
             
For calculating these values, it has to be accepted that the wear resistance of the 
specimen which has the highest value of wear track area is equal to 1. In this study, 
the unnitrided specimen has the highest wear track value, therefore its relative 
resistance has to be accepted as 1. With this assumption and the formula above, the 
relative wear resistances of the nitrided specimens can be calculated. The calculated 
values of the wear resistances can be seen in Table 6.2. 
These results show that the gas nitriding process diminishes the wear area of 
Commercial Purity Grade 4 Titanium specimens and increases the wear resistance. 
The gas nitriding process at 950
o
C caused the results that, nitriding could not 
complete at 3, 5 and 7 hours and the specimens were mainly oxidized. There was 
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observed a more nitrided area at the specimen processed at 5 hours than 3 hours, but 
that was insufficient to obtain a higher wear resistance. However, the wear resistance 
of the specimen processed at 5 h is still higher than the processed one at 3 h. 
Table 6.2 : Relative wear resistance  values of the nitrited samples according to the 
……………unnitrided sample. 
CP-Ti 
Sample 
Relative Wear Resistance 
3 H 5 H 7 H 12 H 
Gas nitrided 
at 950
o
 C 
3,02 4,48 15,51 1,16 
Gas nitrided 
at 1250°C 
28,30 34,92 47,84 94,60 
Untreated 1 
The specimen processed at 7 hours has a higher wear resistance in comparison with 
the other specimens nitrided at 950
o
C since the surface is almost completely nitrided. 
However, the specimen processed at 12 hours has a lower wear resistance and higher 
wear track area than the other ones since there were formed an embrittlement. 
The highest wear resistance values were observed from the specimens processed at 
1250
o
C. The wear track area values were decreasing and the wear resistance values 
were increasing with the increasing process time. 
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7.  CONCLUSIONS 
Grade 4 CP Titanium alloy was subjected to gas nitriding at 950 and 1250
o
C. After 
gas nitriding, the microstructures near the surfaces of CP Titanium were observed, 
and then their Vickers hardness and wear resistances were measured. The following 
results were obtained: 
1) The formation of Titanium Nitride layer by gas nitriding becomes more 
dominant at higher temperatures and longer exposure times. 
2) Surface hardness increases remarkably upon formation of the Titanium 
Nitiride layer.  
3) The hardness depth increases with increasing time through the specimens. 
4) Upon nitriding the wear resistance became higher as compared to the 
unnitrided specimen. The exceptional case is 12 hours nitriding at 950°C, 
suggesting embrittlement within the diffusion zone. 
  
54 
  
55 
 
REFERENCES 
[1].Leyens, C., and Peters, M.(2003). Titanium and Titanium Alloys, WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
[2].Lee, D.B., Pohrelyuk, I., Yaskiv, O., Lee, J.C.(2012).Gas Nitriding and 
Subsequent Oxidation of Ti-6Al-4V Alloys, Nanoscale Research 
Letters 2012 7:21, Springer, doi:10.1186/1556-276X-7-21. 
[3].Zhecheva, A., Malinov, S., Sha, W. (2006). Titanium Alloys After Surface Gas 
Nitriding, Surface Coatings & Technology, ScienceDirect, 201, 2467-
2474. 
[4].Zhecheva, A., Sha, W., Malinov, S., Long, A. (2004). Enhancing The 
Microstructure and Properties of Titanium Alloys through Nitriding 
and Other Surface Engineering Methods, Surface Coatings & 
Technology, ScienceDirect, 200, 2192-2207. 
[5].Sha, W., Ali, A. M. F. P. H., Wu, X. (2008). Gas Nitriding of Titanium Alloy 
Timetal 205, Surface & Coatings Technology, Elsevier, 202, 5832-
5837. 
[6].Malinov, S., Zhecheva, A., Sha, W.(2003). Modelling The Nitriding In 
Titanium Alloys, Surface Engineering Coatings and Heat Treatments 
2002: Proceedings of The 1
st
 ASM International Surface Engineering 
and the 13
th
 IFHTSE Congress (ASM International) , 355-352. 
[7].Buch, A.(1999). Pure Metals Properties A Scientific-Technical Handbook, ASM 
International Materials Park, Ohio 44073-0002 USA and Freund 
Publishing House Ltd., London - Tel Aviv 
[8].Zhecheva, A., Malinov, S., Sha, W.(2004).Simulation of Microhardness Profiles 
of Titanium Alloys After Surface Gas Nitriding Using Artificial 
Neural Network, Surface Coatings Technology,200 (2005), Elsevier, 
2332-2342. 
[9].Nakai, M., Niinomi, M., Akahori, T., Ohtsu, N., Nishimura, H., Toda, H., 
Fukui, H., Ogawa, M. (2008). Surface Hardening of Biomedical Ti-
29Nb-13Ta-4.6 Zr and Ti-6Al-4V ELI by Gas Nitriding, Materials 
Science and Engineering A, Elsevier, 486, 193-201. 
[10].Soboyejo, W. O., Srivatsan, T. S. (2007). Advanced Structural Materials: 
Properties, Design Optimization, And Applications, CRC Press, 
Taylor & Francis Group, Boca Raton, London, New York. 
[11].Dong, H.(2010). Surface Engineering of Light Alloys Aluminium, Magnesium 
and Titanium Alloys, Woodhead Publishing Limited, Oxford, 
Cambridge, New Delhi, CRC Press USA. 
[12].Budisnki, K. G. (1991). Tribological Properties of Titanium Alloys, Wear, 151, 
203-217, Elsevier Sequoia, Lausanne, Paper presented at the 
56 
International Conference on Wear of Materials, Orlando, FL, U.S.A., 
April 7-11, 1991. 
[13].Lütjering, G., and Williams, J. C. (2007). Engineering Materials and Process: 
Titanium (2nd Edition). Springer, Springer Berlin Heidelberg New 
York. 
[14].Sha, W., Don Mat Haji, M. A., Mohamed, A., Wu, X., Siliang, B., Zhecheva, 
A. Abrahart, R. J. ve See, L.(2007). X-ray Diffraction, Optical 
Microscopy, and Microhardness Studies of Gas Nitrided Titanium 
Alloys and Titanium Aluminide (accepted 2006), Elsevier Inc., 
Materials Characterization, 59 (2008), 229-240. 
[15].Url-1<http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MTU040-
>, date retrieved 30.04.2012. 
[16].Hutchings, I. M., (1992). Tribology: Friction and Wear of Engineering 
Materials, Edward Arnold, a Division of Hodder & Stoughton 
Limited, Great Britain. 
[17].Krukovich, M.G. (2004) Simulation of The Nitriding Process, Metal Science 
and Heat Treatment, Plenum Publishing Corporation, Vol. 46, Nos. 1-
2, 25-31. Translated from Metallovedenie i Termicheskaya Obrabotka 
Metallov, No. 1, pp. 24-31, January, 2004. 
[18].Shashkov, D. P. (2001). Effect of Nitriding on Mechanical Properties and Wear 
Resistance of Titanium Alloys, Metal Science and Heat Treatment, 
Plenum Publishing Corporation, Vol. 43, Nos. 5-6, 233-237, 
Translated from Metallovedenie i Termicheskaya Obrabotka 
Metallov, No. 6, pp. 20–25, June, 2001. 
[19].Seahjani, F., Cimenoglu, H.(2011). Nitriding of Cp Titanium, Defect and 
Diffusion Forum, Vols312-315 (2011), pp 1010-1014, (2011) Trans 
Tech Publicatipns, Switzerland. 
[20].The ASM International Alloy Phase Diagram and The Handbook 
Committees. (1992). Alloy Phase Diagrams, ASM Handbook, ASM 
International The Materials Information Company, Vol. 3, 1167. 
[21].Malinov, S., Zhecheva, A., Sha, W. (2004) Nitriding of Titanium and 
Aluminum Alloys: Relation Between The Microstructure and 
Properties of Commercial Titanium Alloys and The Parameters of Gas 
Nitriding, Metal Science and Heat Treatment, Springer 
Science+Business Media, Inc., Vol. 46, Nos. 7-8, 286-293. Translated 
from Metallovedenie i Termicheskaya Obrabotka Metallov, No. 7, pp. 
21-28, July, 2004. 
[22].Müller, C., Holzwarth, U., Gregory, J.K. (1997). Influence of Nitriding on 
Microstructure and Fatigue Behaviour of a Solute-Rich Beta Titanium 
Alloy, Fatigue Fract. Engng. Mater. Struct., Vol.20, No.12, pp. 1665-
1676, 1997, Fatigue & Fracture of Engineering Materials & Structures 
Ltd., Great Britain. 
[23].Zhao, B., Sun, J., Wu, J. S., Yuan, Z. X. (2002). Gas Nitriding Behaviour of 
TiAl based Alloys in an Ammonia Atmosphere, Scripta Materiallia, 
57 
46 (2002), 581-586, Pergamon, 2002 Published by Elsevier Science 
Ltd. On behalf of Acta Materialia Inc., www.actamat-journals.com. 
[24].Zhecheva, A., Malinov, S., Sha, W. (2007). Studying and Modelling Surface 
Gas Nitriding for Titanium Alloys, Titanium’s Expanding Market 
Research Summary, JOM, 38-40, June 2007. 
  
58 
 
  
59 
 
CURRICULUM VITAE  
Name Surname: Meltem IPEKCI 
Place and Date of Birth:  Bakirkoy – Istanbul - 14/10/1985 
E-Mail:  mipekci@itu.edu.tr 
B.Sc.: Sakarya Uni. Metallurgical and Materials Eng. 
Professional Experience and Rewards:  
 Sep 2009 – June 2010 Hewlett Packard Turkey - Customer Care Services for 
Corporate Customers 
 Aug 2007 – Sep 2007 Anadolu Dokum Sanayi A.S. - Engineering Internship 
at Production Line and Quality ControlLaboratory 
 Aug 2006 – Sep 2006 Kaleseramik Canakkale Kalebodur Seramik San. A.S. - 
Engineering Internship at Production Lines, Quality Control Laboratories and 
R&D Laboratories of different departments 
List of Publications: 
Ipekci M, Seahjani F, Cimenoglu H, 2012, Thermochemical Nitriding on 
Commercial Purity Titanium, 8
th
 International Conference on Diffusion in Solids and 
Liquids DSL 2012, June 25-29 2012, Istanbul, Turkey 
PRESENTATIONS ON THE THESIS 
 Ipekci M, Seahjani F, Cimenoglu H, 2012, Thermochemical Nitriding on 
Commercial Purity Titanium, 8
th
 International Conference on Diffusion in Solids and 
Liquids DSL 2012, June 25-29 2012, Istanbul, Turkey  
 
